Liquid chromatography-multiple reaction monitoring mass spectrometry (LC-MRM-MS) of plasma that has been depleted of abundant proteins and fractionated at the peptide level into six to eight fractions is a proven method for quantifying proteins present at low nanogramper-milliliter levels. A drawback of fraction-MRM is the increased analysis time due to the generation of multiple fractions per biological sample. We now report that the use of heated, long, fused silica columns (>30 cm) packed with 1.9 m of packing material can reduce or eliminate the need for fractionation prior to LC-MRM-MS without a significant loss of sensitivity or precision relative to fraction-MRM. We empirically determined the optimal column length, temperature, gradient duration, and sample load for such assays and used these conditions to study detection sensitivity and assay precision. In addition to increased peak capacity, longer columns packed with smaller beads tolerated a 4-to 6-fold increase in analyte load without a loss of robustness or reproducibility. The longer columns also provided a 4-fold improvement in median limit-of-quantitation values with increased assay precision relative to the standard 12 cm columns packed with 3 m material. Overall, the optimized chromatography provided an approximately 3-fold increase in analysis throughput with excellent robustness and less than a 2-fold reduction in quantitative sensitivity relative to fraction-MRM. The value of the system for increased multiplexing was demonstrated by the ability to configure an 800-plex MRM-MS assay, run in a single analysis, comprising 2400 transitions with retention time scheduling to monitor 400 unlabeled and heavy labeled peptide pairs. Liquid chromatography-multiple reaction monitoring mass spectrometry (LC-MRM-MS) 1 using isotopically labeled standard peptides for each analyte (stable isotope dilution) is being used with increasing frequency in biology and medicine for the precise, reproducible quantification of target peptides and proteins of interest in cells, tissues, and biofluids (1). Quantitative analysis of candidate biomarker proteins and peptides requires highly selective and sensitive assays capable of detecting and quantifying large numbers of proteins in plasma or other accessible biofluids. We have previously shown that LC-MRM-MS of human plasma following immunoaffinity depletion of the 6 to 14 most abundant proteins, trypsin digestion, and chromatographic separation (using either strong cation exchange or basic reversed phase chromatography) into six to eight fractions enables precise, multiplexed quantification of peptides derived from proteins that are present at low nanogram-per-milliliter levels (2-4). We call this process fraction-MRM (fMRM). A drawback of fMRM is that the generation of multiple fractions increases both the analysis time per biological sample and the complexity of data analysis. In contrast, immuno-MRM methods provide low to sub-nanogram-per-milliliter quantification of proteins in plasma with minimal sample processing prior to analysis (5-8). However, immuno-MRM requires the development of antibodies capable of either protein or peptide capture, a process that is both time consuming and costly, especially if distributable amounts of antibody are to be generated by the production of a monoclonal antibody (9).
Liquid chromatography-multiple reaction monitoring mass spectrometry (LC-MRM-MS) 1 using isotopically labeled standard peptides for each analyte (stable isotope dilution) is being used with increasing frequency in biology and medicine for the precise, reproducible quantification of target peptides and proteins of interest in cells, tissues, and biofluids (1) . Quantitative analysis of candidate biomarker proteins and peptides requires highly selective and sensitive assays capable of detecting and quantifying large numbers of proteins in plasma or other accessible biofluids. We have previously shown that LC-MRM-MS of human plasma following immunoaffinity depletion of the 6 to 14 most abundant proteins, trypsin digestion, and chromatographic separation (using either strong cation exchange or basic reversed phase chromatography) into six to eight fractions enables precise, multiplexed quantification of peptides derived from proteins that are present at low nanogram-per-milliliter levels (2-4). We call this process fraction-MRM (fMRM). A drawback of fMRM is that the generation of multiple fractions increases both the analysis time per biological sample and the complexity of data analysis. In contrast, immuno-MRM methods provide low to sub-nanogram-per-milliliter quantification of proteins in plasma with minimal sample processing prior to analysis (5) (6) (7) (8) . However, immuno-MRM requires the development of antibodies capable of either protein or peptide capture, a process that is both time consuming and costly, especially if distributable amounts of antibody are to be generated by the production of a monoclonal antibody (9) .
To mitigate the respective limitations of fMRM and immuno-MRM, we have now evaluated the use of ultra-high-perform-ance LC with MRM-MS using long fused silica columns (Ͼ30 cm) packed with sub-2 m reversed-phase material. Mann and coworkers recently described the use of these columns in the context of discovery proteomics (10) , showing a 2.5-fold increase in the number of peptide identifications in the analysis of yeast in a single injection by LC-MS/MS. Here we systematically evaluated the effects of column length, temperature, gradient duration, and sample load on peak shape, peak capacity, LOD, LOQ, assay precision, and overall robustness in the context of multiplexed, quantitative measurement of peptides in human plasma by MRM-MS. We found that the use of heated, long, fused silica columns packed with sub-2 m resin provided an approximately 3-fold increase in sample analysis throughput without any significant loss of precision and with only a modest reduction in sensitivity of the assays relative to fMRM using conventional nano-chromatography. The need for fractionation prior to LC-MRM-MS is therefore greatly diminished or possibly eliminated, depending on the ultimate assay sensitivity required. We also took advantage of the higher peak capacity of the system to develop an 800-plex MRM-MS assay comprising 2400 transitions with retention time scheduling that allowed us to monitor 400 unlabeled and heavy labeled peptide pairs in a single analysis. This successful development of one of the most highly multiplexed targeted MS analyses reported to date further demonstrates the power of ultra-high-pressure LC in the context of targeted mass spectrometry. Preliminary reports of our studies were presented at the meeting of the International Human Proteome Organization in Boston in September 2012 2 and again at the annual meeting of the American Society of Mass Spectrometry (Minneapolis, MN, June 2013). 3 
EXPERIMENTAL PROCEDURES
Peptide Standard Mixtures-A six-bovine-protein digest of equal molar concentration was purchased from Bruker-Michrom, Billerica, MA as lyophilized powder, reconstituted in 0.1% formic acid/3% acetonitrile for a stock concentration of 1 pm/l, and kept at Ϫ80°C. The stock was further diluted to 50 fmol/l in the same buffer for the experiments.
Unlabeled synthetic peptides and corresponding labeled peptides containing a single amino acid labeled with C 13 or C 13 N 15 were synthesized by New England Peptide (Gardner, MA), MIT Biopolymers Facility (Cambridge, MA), 21 st Century Biochemicals (Marlboro, MA), GL Biochem (Shanghai, China), or Thermo Fisher Scientific (Ulm, Germany). Peptides were obtained at a purity of at least 95%; stock solutions were prepared in 30% acetonitrile/0.1% formic acid, and concentrations were determined via amino acid analysis (New England Peptide, Gardener, MA).
Plasma Preparation-Plasma immunoaffinity depleted of the 14 most abundant proteins using MARS-14 columns (Agilent, Santa Clara, CA) was obtained from NIST (Gaithersburg, MD) at a concentration of 4.5 mg/ml as determined by BCA (Thermo-Pierce, Rockland, IL). Depleted plasma was denatured with 6 M urea, reduced with 20 mM dithiothreitol at 37°C for 30 min, alkylated with 50 mM iodoacetimide at room temperature in the dark for 30 min, and, following dilution of urea to 1 M, enzymatically digested with porcine trypsin (sequencing grade modified; Promega, Madison, WI) using a 1:50 (w/w) enzyme-to-substrate ratio for 16 h at 37°C. The digestion reaction was terminated with formic acid to a final concentration of 1%, and samples were desalted using Oasis HLB 1 cc (30 mg) reversed-phase cartridges (Waters, Milford, MA). Eluates were frozen, dried by vacuum centrifugation, and stored at Ϫ80°C. As needed, dried aliquots were resuspended in 3% acetonitrile/0.1% formic acid, clarified by centrifugation, and diluted to the necessary background level.
Preparation of Columns-PicoFrit 75 m inner diameter/10 m tip columns (New Objective, Woburn, MA) were packed with either 3 m/120 Å or 1.9 m/120 Å ReproSil-Pur C18-AQ beads (Dr. Maisch GmbH, Germany) in-house using a high-pressure chamber and helium gas regulated to 900 psi with a suspension of beads in 30% isopropyl alcohol in acetonitrile or neat isopropyl alcohol, respectively. Once packed to the intended length, the packing solvent was exchanged with acetonitrile for 1 h prior to equilibration in water/0.1% formic acid (buffer A). Each column was preconditioned via gradient elution of six-bovine-protein digest.
LC-MRM-MS Configuration-LC-MRM-MS
analyses were done using a Xevo TQ-S Triple Quadrupole mass spectrometer (Waters, Milford, MA) coupled to a NanoAquity LC (Waters, Milford, MA). Liquid chromatography was performed using 0.1% formic acid in water as buffer A and 0.1% formic acid in acetonitrile as buffer B, at a flow rate of 300 nl/min with a 1 l full-loop injection. The column temperature was controlled by using either a 15 cm or a 30 cm heated sleeve (Phoenix S&T, Chester, PA) set to the appropriate temperature. All samples were reconstituted in 3% acetonitrile/0.1% formic acid. MS source conditions included a cone voltage optimized to 35 V, a capillary voltage set to 3 kV, a source temperature of 90°C, cone gas flow at 50 l/h, and nebulizer gas at 0.2 bar.
Effects of Column Length, Temperature, and Particle Size-For the evaluation of effects of column length and operating temperature on column back-pressure, 14 different column configurations were used (supplemental Table S1 ). PicoFrit 75 m inner diameter columns were packed with 3 m/120 Å beads to 12 cm (our standard configuration), 24 cm, and 48 cm lengths, and PicoFrit 75 m inner diameter columns were packed with 1.9 m/120 Å beads to 17 cm, 22 cm, and 30 cm lengths. The 12 cm/3 m column was evaluated only at 25°C, whereas 22 cm/1.9 m and 30 cm/1.9 m columns were not evaluated at 25°C because of pressure considerations. All the other columns were evaluated at three different temperatures (25°C, 50°C, and 60°C). Column back-pressure at the highest point during the gradient and the pressure range for some of the column configurations are listed in supplemental Table S1 . Although many ultra-highpressure LC systems today are rated to function robustly at 10,000 psi or higher, we initially sought to outline expected back-pressure ranges as part of the optimization process with regard to system robustness. Assuming a gradual increase in back-pressure over the performance of each column, our goal was to maintain a working backpressure range of 60% to 70% of the upper limit for the instrument. In addition, although ReproSil beads are rated to function well up to 60°C, we chose to operate at no more than 50°C.
Based on the back-pressure evaluation, selected column configurations were evaluated for peak width, capacity, and resolution using a six-bovine-protein digest. Injection of 50 fm of the sample was performed in triplicate onto each column configuration at a flow rate of 300 n/min utilizing the following four-segment gradient: 5 min isocratic hold at 2.7% B; 3.6% B per minute to 13.5% B; 0.53% B per minute to 31.5% B; 16.5% B per minute to 81% B; and 30, 70, or 110 min of re-equilibration, depending on column length. An unscheduled MRM-MS method consisting of 100 transitions representing 20 peptides (5 transitions per peptide) was used (supplemental Table S2 ). The collision energy was optimized for each transition and ranged from 16 to 38 V. The unscheduled MRM-MS method was developed with a dwell time of 10 ms. MRM-MS method development and data analysis were performed using Skyline software (11) . Peak height, width, and area were evaluated using the most abundant transition unless interference was observed.
Full width at half-maximum (FWHM) as reported by Skyline was used for peak width evaluation. Peak capacity was calculated using the formula p ϭ 1 ϩ t g /w, where t g is the time for the linear portion of the gradient and w is the average FWHM of all 20 transitions. For peak resolution calculations, four peptide pairs were selected representing early elution in the gradient (YST/TAA), mid-gradient elution (LVN/YNL and HLV/DGGI), and late elution in the gradient (LGE/IHG) (supplemental Fig. S1 ). The peak resolution was calculated using the formula r ϭ 2⌬Z/(W A ϩ W B ), where ⌬Z is the separation time between peak apexes in seconds and W A and W B are the baseline peak widths of the two peaks.
Gradient Optimization-Thirty synthetic heavy labeled peptides (Table I) were spiked into 1 g/l depleted, digested plasma at a concentration of 2 fmol/l, and 1 l of the sample was analyzed in triplicate on our standard 12 cm/3 m column operated at 25°C with a 35 min gradient as follows: a 5 min hold at 2.7% B, followed by a ramp to 9% B in 3 min and the main 35 min gradient segment at 1.03% B per minute. After elution of all peptides, a 2 min ramp to 81% B and a 4 min hold in high organic were employed, followed by a 30 min re-equilibration period. This same sample was also analyzed on a 30 cm/1.9 m column operated at 50°C using four different gradients. All four gradients began with a 5 min isocratic hold at 2.7% B and changed by 3.6% B per minute to 6.3% B, but they differed in the central portion of the gradient (0.42% B per minute (60 min), 0.21% B per minute (120 min), 0.14% B per minute (180 min), or 0.11% B per minute (240 min) to 31.5% B) before finishing with 24.8% B per minute to 81% B. The final step was a 19 min hold at 81% B before re-equilibration. Carryover was evaluated periodically in LC-MRM-MS mode, but none was detected using 5 fm to 10 fm spikes of the peptides. In addition, to prevent the possibility of carryover, the sample loop was kept in-line during the analytical runs.
An unscheduled MRM-MS method containing three transitions per peptide was used for the data acquisition with an average peak width of 35 s at baseline and a minimum number of points per peak of 20, resulting in dwell times of 12 ms. Peak area, height, and FWHM were calculated from the most abundant transition for each peptide using Skyline. The average peak area, height, and FWHM from triplicate analyses were used for the comparison of gradient lengths on the 30 cm/1.9 m column. Peak capacity was calculated as described above using the 30 heavy synthetic peptides.
Evaluation of Loading Capacity and LOD/LOQ Using the 30 cm/1.9 m Column-Five different response curve samples were prepared, each one in a different level of depleted, digested plasma background (1 g/l to 12 g/l). The plasma background amount and concentrations of the unlabeled peptides for each response curve are summarized in supplemental Table S3 . For each response curve, 41 unlabeled synthetic peptides (Table I) were spiked in at the highest concentration point (see supplemental   Table S3 , curve point 5), the corresponding 41 heavy labeled peptides were spiked in at 2 fmol/l, and the sample was serially diluted with depleted, digested plasma at the appropriate concentration containing 2 fmol/l labeled peptides. In picking the concentration points, we took into consideration the feasibility of detecting the peptides in the given background, as well as the consistency of the concentration points across the background range. Hence, we included higher concentration points for the 8 g and 12 g curves (0.16 fmol/l and 0.24 fmol/l). 1 l of each of the samples was analyzed in triplicate using a 30 cm/1.9 m column with a 180 min gradient described in the section on gradient optimization. Retention time scheduling with a retention time window of 8 min was used for the MRM-MS assay monitoring 246 total transitions at 3 transitions per peptide. The same scheduled method utilizing an average peak width at baseline of 35 ms and a setting of 20 points per peak resulted in nearly identical dwell times varying from 29 to 142 ms, depending on co-elution congestion.
Samples were run from the lowest to the highest concentration point for each plasma background level, and from the lowest to the highest background level. Buffer blank runs were done prior to any zero spike to confirm the absence of carryover. Data analysis was done using Skyline, and all statistical analyses such as LOD/LOQ calculation, reproducibility assessment, and flagging of interference were done using the QuaSAR software package. 4 LODs/LOQs were calculated using a modified version of the Linnet method (3) and reported in units of fmol/l peptide in the sample injected on column. The peptide concentration was converted to nanograms per milliliter of protein in plasma using the following formula: Protein concentration (ng/ml) ϭ Peptide concentration (fm/l) ϫ molecular weight of the protein/1000.
In order to compare the LOD/LOQ values in different concentrations of depleted, digested plasma, the values were normalized to the starting depleted plasma concentration of 4.5 mg/ml by multiplying the LOD/LOQ values by the dilution factor of plasma. The following factors were used for the different concentrations of depleted plasma digest: 4.5 for 1 g/l, 2.23 for 2 g/l, 1.13 for 4 g/l, 0.56 for 8 g/l, and 0.38 for 12 g/l.
To assess whether the LOD/LOQ values in different amounts of background were significantly different, we performed a Wilcoxon rank sum test comparing the LOD/LOQ values in each background level with the LOD/LOQ values in the next higher background level.
Comparative Evaluation of LOD, LOQ, and CV on the 30 cm/1.9 m Column versus the 12 cm/3 m Column-Two response curve samples were prepared in depleted, digested plasma background using labeled and unlabeled versions of the same 41 peptides (Table I) . Curve 1 was prepared in 1 g/l plasma background, and curve 2 was prepared in 4 g/l background. The nine-point response curve in both levels of background consisted of the points at 0, 0.01, 0.05, 0.1, 0.5, 2, 10, 100, and 500 fm/l concentrations of unlabeled peptides with labeled peptides at a constant 2 fm/l concentration. The curves were prepared as follows: 1 g/l and 4 g/l of plasma digest were spiked in with a mixture of unlabeled peptides at 500 fm/l and corresponding labeled versions at 2 fm/l followed by a serial dilution of these with 1 g/l and 4 g/l plasma digest containing only the labeled peptides at 2 fm/l to yield the other curve points. 120 l of each one of the first seven concentration points (0 to 10 fm/l) of the response curve in 1 g/l plasma digest was used for fractionation by basic pH RP-HPLC. All concentration points in each response curve were frozen at Ϫ80°C and thawed just prior to basic pH RP-HPLC fractionation or directly for MRM-MS analysis.
The basic pH RP-HPLC fractionation was performed on an Agilent 1100 system as follows: The column used was a 2.1 ϫ 150 mm Zorbax 300 Extend (Agilent, Santa Clara, CA) operated at a flow rate of 200 l/min. Buffers were (A) 20 mM ammonium formate pH 10/2% acetonitrile and (B) 20 mM ammonium formate pH 10/90% acetonitrile. The gradient included a 5 min isocratic hold at 0% B, 0.5%/min to 50% B (effective gradient), 25%/min to 100% B, a 2 min hold at 100% B, 1 min to return to initial conditions, two 20 min ramps from 0% to 100% to wash the column, and a 30 min re-equilibration segment. Fractions were collected each minute during the effective gradient and pooled into six fractions based on an equal distribution of the total peak area under the curve for the entire elution profile. After pooling into six fractions, each pool was acidified to 1% formic acid (v/v), frozen, and vacuum dried. Individual fractions were resuspended in 20 l of 3% acetonitrile/0.1% formic acid, centrifuged for clarity, and analyzed via MRM-MS.
1 l of each of the response curve samples was analyzed in triplicate. Samples in 1 g/l plasma digest background with and without fractionation were analyzed on the 12 cm/3 m column at 25°C using a 35 min gradient. The gradient started with a hold at 2.7% B for 5 min and proceeded with ramps to 9% B in 3 min, 45% B in 35 min (effective gradient), and 81% B in 2 min, followed by a hold at 81% B for 4 min. Samples in 4 g/l plasma digest without fractionation were analyzed on a 30 cm/1.9 m column at 50°C using the 180 min gradient described above.
Because a relatively large number of transitions (ϳ250) were monitored, retention time scheduling was used for both MRM-MS assays. There was an approximately 2-fold difference in the number of concurrent transitions between the 12 cm/3 m and 30 cm/1.9 m assays (supplemental Fig. S5 ). This directly translates into a 2-fold increase in the dwell time used for the 30 cm/1.9 m assay relative to the 12 cm/3 m assay. 4 min and 8 min retention time windows were used for the 12 cm/3 m and 30 cm/1.9 m assays, respectively. The larger retention time window for the 30 cm/1.9 m assay was due to a larger observed shift, as had been expected for a longer, shallower gradient. The median retention time shift was 0.6 min for the 12 cm/3 m assay and 3 min for the 30 cm/1.9 m assay (supplemental Fig.  S6 ). Interestingly, the shift of retention times on either column was uniform across the entire gradient for the 27 calibration curve runs. Converting the shift into percent solvent B per minute yielded very similar numbers (0.5 and 0.6) for both assays.
Data integration and statistical analysis were performed using Skyline and QuaSAR software. As described in the previous section, LOD/LOQ values were converted to protein concentrations (nanograms per milliliter) and normalized to the starting depleted plasma concentration using the same factors for 1 g/l and 4 g/l background.
Development and Evaluation of an 800-plex MRM-MS Experiment-400
isotopically labeled synthetic peptides along with 270 unlabeled versions were obtained from New England Peptide, prepared as two heavy labeled subset mixtures and a single unlabeled mixture in 20% acetonitrile/0.1% formic acid at an individual peptide concentration of 250 fmol/l, and frozen as 10 l aliquots. As needed, peptide pre-mixes were thawed, combined, and spiked in 1 g/l depleted, digested plasma to a final concentration of 50 fmol/l. 1 l full-loop injections of this sample in five technical replicates were performed on a 30 cm/1.9 m column heated to 50°C employing the same 180 min gradient. A single, scheduled MRM-MS method was developed using Skyline incorporating three transitions for both labeled and unlabeled peptides, resulting in 2400 total transitions. The scheduled window size was set at 8 min with an average peak width of 60 s and 20 points per peak. The resulting dwell times ranged from 8 to 107 ms. All other MS parameters were the same as described above. Data were compiled and interrogated in Skyline as described in previous sections. The data from five replicate injections were analyzed by AuDIT (12) to look for chromatographic imperfections and interference.
RESULTS
The overall goal of this study was to develop an MRM workflow that eliminated fractionation at the peptide level, thereby increasing sample analysis throughput and simplifying the LC-MRM-MS process without significant diminution of LOD, LOQ, or precision (measured by CV) relative to fMRM. We experimentally determined the optimal column length, gradient duration, and sample load for 0.75 m inner diameter columns packed with 1.9 m reversed-phase packing material. Using the optimized conditions, we then evaluated assay CV, LOD, and LOQ in the context of highly multiplexed MRM-MS plasma-based assays. Results obtained with these high-performance columns were compared with results obtained using our standard 12 cm-long columns packed with 3 m material. Once values had been optimized, we evaluated the capabilities of the system for multiplexed, quantitative LC-MRM-MS of Ͼ400 peptides in a single analysis.
Effects of Column Length, Temperature, and Particle SizeThe effects of column length and column temperature on peak width, peak capacity, and peak resolution were evaluated using 3 m (our standard packing material) and 1.9 m particle size Reprosil C18 beads in multiple column configurations (summarized in supplemental Table S1 ). All columns studied were PicoFrit 75 m inner diameter fused silica (New Objective, Inc., Woburn, MA) packed in-house with these materials. The same flow rate (300 nl/min), mobile phase composition, and gradient duration (excluding re-equilibration time) were used for all column configurations. For each particle size of packing material, the effect on peak width and peak resolution was evaluated at three different column lengths (see "Experimental Procedures" for details). Columns packed with 3 m material were run at both 25°C and 50°C, whereas columns packed with 1.9 m material were evaluated at only 50°C, with the exception of the shortest column, to prevent overpressuring of the HPLC systems at the lower column temperature (see "Experimental Procedures").
The range and median values for FWHM of the most intense fragment ion for each of 20 peptides in a digested mixture of bovine proteins (supplemental Table S2 ) are shown in Fig. 1A . As expected, at similar column lengths columns packed with 1.9 m beads consistently gave narrower peaks, and therefore achieved higher peak capacity, than the columns packed with 3 m beads. Peak widths also generally decreased as the column temperature was raised and the column length was increased for both the 1.9 m and 3 m packed columns. The peak capacities of the 22 cm and 30 cm columns packed with 1.9 m material were nearly double that of the standard 12 cm columns packed with 3 m material (supplemental Table S1 ). It is important to note that we use peak capacity here only to compare the chromatographic performance of various systems, and not to maximize the achievable peak capacity for these columns, which requires additional experimental considerations (13) (14) (15) .
The effects of bead size and column length on peak resolution (see "Experimental Procedures") were evaluated for the same series of column configurations using four pairs of closely eluting peptide peaks distributed across the elution profiles (supplemental Fig. S1 ). Resolution, calculated as described in "Experimental Procedures," was improved 2.9-and 3.8-fold, respectively, for the 22 cm and 30 cm columns packed with 1.9 m material relative to our standard configuration of 12 cm columns packed with 3 m material. Column temperature had little effect on resolution. Based on the improved peak width, resolution, and peak capacity, the 30 cm/1.9 m column operated at 50°C was selected for further comparative evaluation with columns packed with 3 m material.
Gradient Optimization-The next phase of our evaluation focused on optimizing the gradient slope for the 30 cm/1.9 m/50°C column configuration and comparing it to our standard approach using a 12 cm/3 m/25°C configuration with a 35 min gradient. It has been shown previously that long columns have a greater peak capacity when shallow gradients are used (16, 17) . Therefore, we examined four different gradients, each ending at 31.5% acetonitrile, but with differing slopes: 0.42% B per minute (60 min gradient), 0.21% B per minute (120 min gradient), 0.14% B per minute (180 min gradient), and 0.11% B per minute (240 min gradient). Important factors that were considered included chromatographic peak statistics such as peak height, area, and width, as well as inject-to-inject time as an index of sample throughput capability. A mixture of 30 synthetic peptides spiked at 2 fmol/l into 1 g/l depleted, digested human plasma was used for performance evaluations (Table I and "Experimental Procedures"). Three transitions were monitored for each peptide, and the most abundant transition (once established as free of interference) was used to obtain chromatographic peak statistics. The spread and median values observed for peak height and peak area (derived from the observed MS ion counts) of all 30 peptides using this range of gradients are shown in Fig. 1B . Peak areas and heights of the 30 peptides for all gradient lengths are shown in supplemental Fig. S2 . Peak heights decreased gradually with concomitant increases in median peak widths as the gradient duration increased, resulting in relatively constant peak areas in the 2 to 4 h gradients. Interestingly, peak areas in the 2 to 4 h gradients were 24% to 37% greater than observed in the 1 h gradient, possibly because of decreased signal suppression (18) . The peak capacity increased up to 50% as the gradient duration increased relative to 1 h (supplemental Fig. S2 ). Based on these observations and the practical need to balance peak capacity with analysis time, we selected the 180 min gradient for subsequent evaluation of the 30 cm/1.9 m/50°C column configuration.
Evaluation of Loading Capacity and LOD/LOQ Using the 30 cm/1.9 m Column-Typically, 1 g of protein digest is the Table S2 ) were included in the MRM method, and the most abundant transition for each peptide was used for peak width and resolution assessment of each column configuration. Not all combinations of length and particle dimension were evaluated. Points beyond the 1.5x interquartile range are marked as outliers. B, median and distribution of peak area and height of 30 synthetic peptides (Table I) maximum amount of sample loaded on standard 12 cm columns. In principle, the sensitivity for the detection of lower abundance analytes should increase as the amount of sample loaded on the column increases. To investigate the potential benefits of increased sample loading on the 30 cm/1.9 m column and define the load for achieving optimal LOD/LOQ values, we analyzed five-point response curves in increasing amounts of depleted, digested plasma (1 g/l, 2 g/l, 4 g/l, 8 g/l, and 12 g/l) with 1 l loaded on-column. 41 unlabeled peptides were spiked in at concentrations ranging from 0.01 fmol/l to 0.24 fmol/l, and heavy labeled internal standard peptides were spiked in at a constant concentration of 2 fmol/l (Table I) . A 3 h gradient and a scheduled MRM-MS method with retention time windows of 8 min were used for LC-MRM-MS analysis of the response curve samples. The median and distribution of LOQ values (shown using box and whisker plots) for all 41 peptides and the subset of 31 peptides with sufficient signal in 8 g background (more than 3000 counts for the heights of internal standard peptides) are plotted in Fig. 2 . Values for LOQ take the dilution factor of the plasma into account, and the values are normalized to the starting post-depletion plasma concentration (4.5 g/l) (see "Experimental Procedures" for additional details). Significantly better LOQ values (p value of 0.03 for the 41 peptides) were obtained with 2 g versus 1 g on-column loading (median LOQ of 20.2 ng/ml in the 2 g curve versus 28.7 ng/ml in the 1 g curve) based on a Wilcoxon rank sum test (see "Experimental Procedures"). Although LOD and LOQ appeared visually improved at 4 g versus 2 g loading, the difference was not found to be statistically significant by the same tests. This suggests that the optimal column load for the 30 cm/1.9 m assay is between 2 and 4 g on-column. Although the distributions of LOQ values for the curves in 1 g, 2 g, and 4 g background levels were similar, greater variance was observed at the 8 g and 12 g background levels ( Fig. 2A) because of a subset of the peptides that had poor signal to noise in the higher backgrounds. When 10 peptides with poor signal to noise (less than 3000 counts for the heights of internal standard peptides) in the 8 g curve were removed from the analyses, the distribution of LOQ values became much tighter and more similar to those for the 1, 2, and 4 g load levels (Fig. 2B) . The impact on signal with increasing background was also reflected in the median peak height and area of the spiked heavy peptides (Fig. 1D) . Median peak heights and areas decreased by more than 50% when the depleted plasma background level was increased from 1 g to 2 g and continued to drop proportionally with increases in on-column sample load, despite the maintenance of a constant on-column amount of the internal standards.
To investigate whether the decrease in signal to noise with increasing load of plasma background was the result of ion suppression, we plotted average peak heights of the 14/41 light peptides that had good signal to noise in all five levels of background plasma (more than 3000 counts for the heights of internal standard peptides in 12 g background) and no detectable endogenous levels (supplemental Fig. S3 ). Robust linear fit to the data resulted in a negative slope with a p value of 0.0084 indicative of some ion suppression with increasing levels of background plasma. The latter finding, along with the increased variability observed at the high levels of background plasma, suggested that loads of more than 4 g of plasma are suboptimal. Weighing the relative benefits (e.g. improved LOQ) and drawbacks (increased variance and potential robustness issues), we chose a depleted plasma load level of 4 g on 30 cm/1.9 m columns and used this for all subsequent studies.
Comparative Evaluation of LOD, LOQ, and CV on the 30 cm/1.9 m Column versus the 12 cm/3 m Column-The
LOD/LOQ values of the 41 synthetic peptides (Table I and "Experimental Procedures") in depleted plasma were determined on a 30 cm/1.9 m/50°C column using the 180 min gradient and on a 12 cm/3 m/25°C column using a typical 35 min gradient with and without limited fractionation prior to LC-MRM-MS analysis ( Fig. 3; supplemental Figs. S4 -S6 ). The median LOQ values for the 41 peptides under these three conditions are shown in Fig. 4 , and LOD/LOQ values for the best interference-free transition of each peptide are summarized in Table II . A median LOQ of 17.5 ng/ml (back-calculated to protein) was observed in the 1 g curve on the 12 cm/3 m column without fractionation. In contrast, the median LOQ observed for the 4 g load on the 30 cm/1.9 m column was 4.23 ng/ml. The 4-fold improvement in the median LOD/LOQ obtained with the 30 cm/1.9 m column is directly proportional to the 4-fold greater load on this column versus the 12 cm/3 m column. The observed spread of LOQ values was also narrower on the 30 cm/1.9 m column than on the 12 cm/3 m column (1 to 62 ng/ml versus 2 to 367 ng/ml). The median LOQ for peptides that had undergone limited fractionation by basic pH reverse phase prior to the analysis of 1 g loadings on the 12 cm/3 m column was 2.2 ng/ml with a range of 0.5 to 33 ng/ml. Although the LOD/LOQ by fMRM is 2-fold better relative to the 30 cm/1.9 m configuration without fractionation, it comes at the expense of a 2.5-times longer data acquisition and at least a doubling of the data analysis time. Response curves for selected peptides under the varying conditions detailed above are shown in supplemental Fig. S7 .
The CV for three replicates was determined for both the 1 g response curves (with and without fractionation) and the 4 g response curve (supplemental Fig. S8 ). The two unfractionated curves have very similar variation with cv values predominantly less than 10%. At the first concentration point above LOQ (2 fmol), CV values of 3.6% and 6.2% were obtained for the 4 g and 1 g unfractionated assays, respectively. The nearly 2-fold better reproducibility observed near the LOQ for peptides in the 4 g curve as compared with the 1 g unfractionated curve is likely due to the lower noise level, Light peptides were spiked in from 10 am to 240 am concentrations and heavy peptides were spiked in at a constant concentration of 2 fm in plasma background ranging from 1 to 12 g, and each concentration was analyzed on a 30 cm/1.9 m column. Four LOQs were calculated for every peptide and curve, each time using the blank with a different low-concentration sample (shown with different colors on the plot). LOQ values were calculated as on-column femtomoles, which were then converted to nanograms per milliliter of protein in plasma and plotted against increasing levels of depleted plasma. LOQ values are plotted for all 41 peptides (A) and for the subset of 31 peptides (B) with good signal to noise for the heavy labeled internal standard peptides (at least 3000 counts) in 8 g background. and hence better signal to noise, obtained using the longer gradient. The median CV obtained at the same concentration point for peptides in the 1 g fractionated curve was 3.3%, similar to that obtained in 4 g unfractionated analyses.
Development and Evaluation of an 800-plex MRM-MS Experiment-The performance characteristics for the 30 cm/1.9 m columns using gradients of 3 h duration suggested that much higher multiplex targeted analyses could be achieved than with the shorter columns with shorter gradients. To test this, we evaluated the ability to configure an 800-plex MRM assay in which 2400 transitions representing 400 unlabeled and 400 heavy labeled peptide pairs were monitored using retention time scheduling (Fig. 5) . Digested, depleted plasma was spiked with 400 heavy labeled and 262 available corresponding unlabeled peptides at 50 fm/l; the remaining 138 light peptides were monitored without spiked unlabeled peptides. An 8 min retention time window with an acquisition setting of 20 points per peak resulted in dwell times ranging from 8 to 107 ms, with 70% of the peptides having dwell times of more than 10 ms (supplemental Fig. S9 ). Five replicate injections were collected and the data were submitted for AuDIT analysis (12) to determine the failure rates of identification and quantification due to chromatographic imperfections and interference. 98% of the peptides (257 of 262 pairs of unlabeled and labeled peptides) passed the AuDIT analysis, demonstrating the feasibility of configuring such a highly multiplexed MRM-MS assay using long gradients on 30 cm/1.9 m columns. In addition, the data were analyzed to determine the CV of peak areas of 400 heavy labeled peptides and the peak area ratio of the 262 light and heavy pairs. Excellent reproducibility was observed for the five replicates, with median percent CV values of 10.9% and 1.8% for the peak areas and peak area ratios, respectively.
DISCUSSION
Our goal in this study was to develop a simplified plasma processing workflow that improved the overall throughput relative to fMRM without sacrificing sensitivity, reproducibility, or robustness and would be applicable to any biomarker verification or targeted biological study for even very high multiplex levels (e.g. more than hundreds of target analytes). To accomplish this goal, we took advantage of recent advances in ultra-high-performance chromatography (10, 19) and explored the possibility of eliminating the need for firstdimensional separation through the use of such columns and gradients for on-line LC-MRM-MS. Systematic comparative evaluation of chromatographic and assay performance parameters for a number of separation formats demonstrated the marked benefits of long (30 cm), heated (50°C) columns packed with 1.9 m resin and longer gradients (3 h) for highly Two response curves were generated by spiking 41 light peptides at varying concentrations and corresponding heavy labeled internal standard peptides at a constant concentration of 2 fm/l into depleted, digested plasma. Response curve 1 was prepared by spiking unlabeled peptides at 0, 0.01, 0.05, 0.1, 0.5, 2, 10, 100, and 500 fm/l and heavy peptides at the constant 2 fm/l. This curve was directly analyzed by injecting 1 l on the 12 cm/3 m column using a 35 min effective gradient. In addition, an aliquot of each of the concentration points from 0 to 10 fm/l was separated by means of basic pH reversed-phase chromatography, pooled into six fractions, and analyzed using the standard approach (supplemental Fig. S4 ). Curve 2 was prepared in 4 g/l digested, depleted plasma background spiked with unlabeled peptides at the same concentration points as noted above along with the heavy peptides at a constant concentration of 2 fm/l. Each sample was analyzed in three technical replicates via LC-MRM-MS. Table II . Peak area ratios of transitions for the light and heavy peptides were used to calculate the LOD and LOQ for each peptide and to assess reproducibility. Statistical analyses and generation of response curves were done using QuaSAR software developed at the Broad Institute. 4 LOD/LOQ values were calculated using a modified version of the Linnet method (3) and are reported as femtomoles per microliter on-column. These values were then converted to nanograms per milliliter of the protein in depleted plasma as described in "Experimental Procedures." multiplexed LC-MRM-MS assays. Narrower peaks obtained on long columns packed with the 1.9 m beads allowed the gradient to be lengthened while still maintaining peak widths less than 30 s. Lengthening of the gradient also reduced background complexity at any given elution point, better separating interferences from analytes. Although scheduled MRM-MS was used for both standard and long column configurations, the longer gradient reduced the number of concurrent transitions and increased the dwell time per transition. These factors, together with a tolerance for higher sample loading (see below), provided a 4-fold improvement in median LOQ values with increased assay precision relative to the standard 12 cm columns packed with 3 m material. Shi et al. recently reported an evaluation of the benefits of long-column chromatography for targeted MS analyses (20) . Our studies significantly extend that research by systematically evaluating the effects of column length, temperature, gradient duration, and sample load on peak shape, peak capacity, LOD, LOQ, assay precision, and overall robustness in the context of highly multiplexed, quantitative measurement of peptides in human plasma by MRM-MS. We also directly compared these results with what is achieved using fMRM. Using heated, fused silica columns of relatively modest length (30 cm) packed with 1.9 m resin, we obtained an approximately 3-fold increase in sample analysis throughput without any significant loss of precision and with only a modest reduction in the sensitivity of the assays relative to fMRM using conventional nano-chromatography. Importantly, in our study we took advantage of the higher peak capacity of the system to develop an 800-plex MRM-MS assay, comprising 2400 transitions with retention time scheduling, that allowed us to monitor 400 unlabeled and heavy labeled peptide pairs in a single analysis. The development and application of this highly multiplexed, quantitative assay were only possible as a result of the use of the higher performance chromatography we describe. The choice of a 30 cm column length, but not longer, was based on the joint objectives of maximizing peak capacity and peak resolution and avoiding back-pressures greater than 70% of the stated maximum for the NanoAccuity pump system used (10,000 psi). Although temperatures higher than 50°C could potentially further improve chromatography, we chose not to evaluate this because of concerns about shortening the column lifespan. Our 30 cm/1.9 m columns proved to be quite robust, tolerating at least 250 injections of depleted plasma at load levels up to 4 g. The selection of a 3 h instead of a 4 h gradient was also driven by a pragmatic trade-off between the moderate gain (approximately 12%) in peak capacity versus the 25% increase in analysis duration resulting from use of the 4 h gradient.
The combination of smaller packing particle size, greater column length, and shallower, longer gradients also permitted larger sample loads to be injected. We evaluated load levels from 1 to 12 g of depleted plasma digest. We observed a 4-fold improvement of LOD/LOQ loading 4 g on 30 cm/1.9 m columns with a 3 h gradient relative to results obtained with 1 g loaded on our standard 12 cm column with 3 m packing and a 35 min gradient. In addition to the higher effective sample concentration entering the MS, the improvement in LOD/LOQ is also due, in part, to an improved separation of interferences that allowed more frequent use of the most abundant transitions for calculations. Together these factors led to consistently lower LOD/LOQ values with a tight distribution on 30 cm/1.9 m columns, similar to the distribution observed for fMRM on 12 cm/3 m columns. We initially anticipated that loading even larger amounts on-column would further increase the detection of low-abundance peptides/proteins in complex samples. However, we found that as the amount of sample loaded on-column was increased beyond 4 g, the LOD/LOQ values leveled off and in some cases declined. We propose that this is due to increased suppression from the higher matrix background. The median LOD/LOQ for 2 g on-column loading was similar to that obtained with 4 g loading. At the lower sample load levels, the columns will likely last longer and cause less contamination of the ion optics, albeit with some reduction in sensitivity for certain peptides.
Fractionation is widely used in proteomics to increase the depth of analysis by MS in highly complex biological or clinical samples. Previously we demonstrated the benefit of off-line sample fractionation by strong cation exchange or basic reversed-phase chromatography followed by on-line LC-MRM-MS of the resulting six to eight fractions for highly multiplexed, quantitative analysis of proteins in human plasma (2) (3) (4) . Recently, Shi et al. described a refinement of the fMRM approach (including the use of antibody-based depletion of abundant plasma proteins) that can achieve higher detection sensitivity in plasma via MS-guided collection and analysis of very narrow fractions from a basic-RP separation (21) . In order to analyze even modest numbers of analytes via this approach, fractions must be combined, resulting in decreased sensitivity. A major limitation of all fMRM approaches is the significant additional instrument time required for fractionation (approximately 5 to 6 h per sample in our previously described process) and data acquisition (8 to 11 h for three process replicates). Furthermore, analysis of fMRM data is significantly more time consuming and complex than analysis of non-fractionated MRM-MS data, with often twice as much time needed for analysis because of the need for greater manual inspection of the data. These factors reinforce the need for higher throughput, robust, sensitive methods for biomarker verification and biology focused perturbational studies that do not require laborious and inefficient fractionation (be it on-line or off-line). The method we describe here satisfies these criteria.
When additional sensitivity is required at very high multiplex, longer gradients on columns packed with beads less than 2 m in size can, of course, also be combined with limited fractionation to improve signal to noise and thereby achieve a better LOD/LOQ. However, as noted above, this will come with the cost of much longer data acquisition and analysis times. For example, if data acquisition for a single sample with a 3 h gradient takes about 4 h, data acquisition for four or eight fractions with a 2 h gradient will take 12 h or 24 h, respectively.
Another significant benefit of the longer gradients on the 30 cm/1.9 m columns is the decreased concurrency of peptides, potentially enabling very high levels of multiplex analysis, as shown in our multiplexed analysis of 800 peptides (2400 transitions) in one LC-MRM-MS experiment. To our knowledge this is the most highly multiplexed quantitative MRM-MS measurement yet reported. Similarly high levels of multiplexing might be possible with data independent acquisition methods with internal standards. Data independent acquisition has in recent years reemerged as an analytic technique as a result of faster, more sensitive MS systems, improved on-board computerized instrument control, and more sophisticated software for data acquisition and analysis (22, 23) .
In conclusion, longer gradients on long (30 cm) columns packed with sub-2 m beads provide reproducible, robust chromatography applicable to any large, highly multiplexed biomarker verification study. When this approach is coupled with MRM-MS, low nanogram-per-milliliter LOQs for proteins in depleted plasma are achieved when loading 2 to 4 g on-column. Overall, the optimized chromatography provided an approximately 3-fold increase in analysis throughput with excellent robustness and less than a 2-fold reduction in quantitative sensitivity relative to fMRM.
